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Ncd, a member of kinesin-14 family motors, uses the power stroke, a lever-like pivoting action of a
long and stiff element, to exert force and generate movement. To better understand the role of the
Ncd C-terminus in this process we produced four Ncd mutants in which this segment was altered or
deleted. For these proteins we measured their afﬁnity to the microtubule, steady-state ATPase and
gliding velocity in multiple motor assays. The mutations had a dramatic effect on all three param-
eters measured, suggesting that the C-terminal residues of Ncd play an important role inmodulating
the interaction of the motor with the microtubule.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction The most often studied member of kinesin-14 subfamily is Dro-Two types of force generating mechanisms exist in the kinesin
superfamily of microtubule motors. Processive motors, i.e. motors
that execute many steps along the ﬁlament without detaching,
such as kinesin-1, use a neck linker docking/undocking mechanism
in which the binding and dissociation of a rather short, 10–12 ami-
no acids segment, the ‘neck linker’, to the catalytic core produces
structural changes in the dimeric motor that underlie its stepping
along the microtubule (MT) [1]. In contrast, it is believed that in
non-processive motors and particularly members of the kinesin-
14 subfamily, small structural changes at the active site are
mechanically ampliﬁed by pivoting a long and stiff element, a
‘‘lever arm’’, connected to two motor heads. Thus in order to make
a step, the motor generates a power stroke by rotating its lever arm
[2]. There are several unresolved questions concerning both mech-
anisms but especially the power stroke model. For example, at
which step of the cycle is the pivoting segment (stalk) detaching
from the motor domain, or what interactions hold the stalk in
the new, rotated position [2–4].chemical Societies. Published by E
osphate; DTT, dithiothreitol;
5-IAEDANS, 5-((((2-iodoace-
MSF, phenylmethanesulfonyl
type
sprzak).sophila melanogaster Ncd (non-claret disjunctional), a retrograde
motor that participates in spindle assembly by generating microtu-
bule–microtubule sliding in an orientation dependent manner [4–
6]. In the kinesin-14 subfamily the C-terminal segment is formed
by residues that extend beyond the a6 helix (Table 1); in Ncd it
comprises aa 669–700. When the head is not bound to the MT,
these amino acids are presumably disordered which makes them
untraceable by X-ray studies. However, in one case, the structure
of that segment in a kinesin-14 member was revealed. While
resolving the structure of the kinesin-like calmodulin binding pro-
tein KCBP, it was found that its C-terminal residues followed clo-
sely the location that in processive kinesins, particularly in
kinesin-1, was occupied by the neck-linker. Therefore, this stretch
of the polypeptide chain was termed the ‘‘neck mimic’’ [7]. Re-
cently, the conformation of the ﬁrst three residues of this segment
in the structure of the Thr436Ser Ncd mutant was disclosed ([8],
Fig. 1). When the mutant head was disconnected from the neck,
the C-terminal residues began to follow the path along the core
that before the detachment was occupied by the neck, suggesting
that the neck mimic may be an important part of the force gener-
ating apparatus in C-terminal motors (Fig. 1). We note that not
much is known about the role of this fragment of Ncd. While all
C-terminal kinesins possess some amino acids after the a6 helix
(Table 1), the lengths of these segments vary and there is little
sequence conservation among members of the subfamily.
In this work we puriﬁed several bacterially-expressed variants
of the dimeric Ncd and its motor domain (MD) in which thelsevier B.V. All rights reserved.
Table 1
C-terminal sequences of kinesin-14s.
Basic residues in the vicinity of the c-turn are underlined; hydrophobic residues that follow the c-turn are on grey background.
Fig. 1. Crystal structure of NcdT436S head B with the neck segment detached from
the motor domain [8] (PDB ID: 3L1C). New C-terminal residues seen by Heuston
et al. [8] are shown in violet; core residues interacting with the neck in WT Ncd, in
yellow; basic residues in the neck, in dark blue.
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afﬁnity of the altered motors to the microtubule, the steady-state
MT-activated ATPase and the gliding velocity in multiple motor
assays. The results indicate that the C-terminus of Ncd plays a
fundamental role in the binding and motility of this minus-end
directed motor.
2. Materials and methods
2.1. Construction of Ncd mutants and puriﬁcation of proteins
All the mutations of Ncd were introduced by PCR reaction with
Phusion DNA polymerase (Finnzymes). pNcDET28 plasmid [9] was
used as a template. This plasmid contains sequence coding for aa250–700 of D. melanogaster Ncd fused to the N-terminal His-tag.
The protein was expressed in Escherichia coli and puriﬁed as
described earlier and in Supplementary material. Porcine brain
tubulin was isolated and polymerized as described before [10].
Microtubule concentration was measured by the Bradford assay
and is given as the concentration of tubulin dimers. Polarity-marked
microtubules were prepared as in [11] with minor modiﬁcation
(Supplementary material).
2.2. Ncd afﬁnity to microtubules
The dissociation constant for Ncd binding to MT was measured
as described before [9]. 1,5-IAEDANS-labeled Ncd (0.5 lM) was
incubated with MT concentrations varying between 0.5 and
10 lM) in buffer N (20 mM Hepes, pH 7.2, 100 mM potassium ace-
tate, 5 mMmagnesium acetate, 0.1 mMEDTA, 0.1 mMEGTA, 5% (w/
v) sucrose) supplemented with 1 mM DTT. The Ncd-MT complex
was separated by centrifugation (30 min 240000g at 20 C) and
the ﬂuorescence of Ncd remaining in supernatant was measured
using a Spex Fluorolog 3 ﬂuorometer. The values of Kd was obtained
by non-linear least squares ﬁtting as previously described [9].
2.3. Microtubule-stimulated ATPase
The microtubule-stimulated ATPase activity of Ncd was mea-
sured by the coupled enzymes assay as described before [12].
Assays were performed in buffer N with 0.1 mM DTT, 2 mM ATP
and 10 lM paclitaxel (Sigma) at 25 C. The ﬁnal concentrations
were 0.2 lM Ncd and between 0.5 and 7.5 lM MT.
2.4. Motility assay
Multiple motor gliding assays were prepared as described
before [9]. Tetramethylrhodamine-labeled microtubules were
transported by Ncd motors immobilized by Penta-His antibodies
(Qiagen). The motion of the ﬁlaments was viewed under a Zeiss
AxioObserver microscope and recorded using an EMCCD (Photo-
metrics) camera controlled by the AxioVision software (Zeiss).
The mean velocity was calculated using the ImageJ program
(http://imagej.nih.gov). To exclude the possibility that the slow
motility of the mutants was due to denaturation of the protein
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crude lysates, prepared similarly to those used to purify WT Ncd;
identical results were obtained.3. Results
Sequence alignment of 13 kinesin-14s (Table 1) shows that the
highly conserved a6 helix is followed by a hydrogen-bonded turn,
one non-conserved amino acid and a hydrophobic residue (Ile, Leu
or Val, or; Met672 in Ncd). In the next 8–10 residues there is a
higher than normal occurrence of basic residues. The sequences
that come after these residues in the C-terminal kinesins are of
different lengths and are not conserved. We used a homodimeric
Ncd construct comprising aa 250–700 as a template to create four
mutated motors (Fig. 2A). In the ﬁrst of the mutants, Ncd670,
we deleted the entire C-terminal segment. In Ncd679, the basic
fragment spanning aa 671–679 was left intact whereas the lastFig. 2. (A) Ncd constructs used in this study; aa 671–679 comprising the basic
fragment are on dark grey background; (B) Binding isotherms of WT and mutant
Ncd in the absence of nucleotides obtained by cosedimentation analysis; (C)
Microtubule-stimulated ATP hydrolysis by Ncd mutants. In B and C the data are
shown as mean ± SD.21 aa were deleted. In Ncd700SG the basic fragment was replaced
by the sequence GGSGGSGGS, which is uncharged and ﬂexible. In
the fourth construct NcdM672N, the hydrophobic Met672 was
substituted by a small and polar Asn.
To test the ability of the motors to bind MT we used a cosedi-
mentation assay with ﬂuorescence detection of unbound Ncd [9].
The afﬁnities of the mutants in the absence of nucleotides and in
the presence of AMPPNP or ADP are summarized in Table 2; the
graphs are shown in Fig. 2B and Fig. S2. These data demonstrate
a great importance of the C-terminal residues in the complex
formation between Ncd and the microtubule, particularly in the
strong binding states. Ncd670 and Ncd700SG had the Kd(MT) 15–
40 times higher than the WT. It means that under normal MT con-
centration used in the gliding assay (0.5–2 lM) no binding of the
MT to the immobilized motors is detected, in agreement with a
previous observation [5]. By contrast, substitution of Met672 by
Asn had a negligible effect on MT binding in the absence of nucle-
otides although substantially changed the Kd(MT) in the presence
of AMPPNP (Table 2, Fig. S2). Ncd679 binds to the MT with compa-
rable afﬁnity as the WT, indicating that the short basic segment
adjacent to the a6 helix is sufﬁcient to provide almost normal
binding of the head to MT. To test the possibility that the Ncd C-
terminus could sterically control binding of the head to the MT,
we produced two Ncd motor domains MD700 and MD670 com-
prising aa 346–700 and 346–670, respectively (Fig. 2A). Unlike
commonly used Ncd335–700, these two proteins contained no
neck residues which might obscure the interaction of the core with
the microtubule. MD700 and MD670 were found to be rather frag-
ile and could be obtained only in minute quantities. When their MT
binding in the absence of nucleotides was examined, MD700 had
considerably lower Kd than MD670 (Fig. S1).
In order to test the effect of the mutations on the MT-activated
Ncd ATPase, the rate of ATP hydrolysis by Ncd was measured as a
function of MT concentration. (Table 2, Fig. 2C). Ncd679 had a kcat
value of 3.6 s1, about 40% higher than for the WT with an almost
identical K0.5(MT) (Table 2, Fig. 2C). The two weakly-binding
variants Ncd670 and Ncd700SG exhibited a quite different re-
sponse of the hydrolysis rate to increasing MT concentration. First,
both constructs displayed a low K0.5(MT) value, quite different
from the Kd (see above) and a low kcat value at saturation with
MT (Table 2, Fig. 2). Again, the steady-state parameters of
NcdM672N resembled that for the WT motor.
To examine the contribution of the Ncd C-terminus to the
generation of force we carried out in vitro motility gliding tests.
The motor was ﬁxed to the glass using an antibody and the motility
of TMR-labeled MT was observed using a ﬂuorescence microscope.
The values of the velocities are summarized in Table 2. In spite of
the fact that Ncd679 had a high ATPase activity, its ability to
generate MT movement was 1/3 of that seen for the WT. The move-
ment generated by Ncd670 and Ncd700SG was about 10 times
slower than WT and qualitatively different: only few MT were
moving, some of the MT were pivoting about their ends and disso-
ciation of MT bound to Ncd-covered glass was also more frequent.
The movement generated by NcdM672N was found to be undistin-
guishable from the WT Ncd. Next we determined the directionality
of the movement for Ncd670 and Ncd679 using polarity marked
microtubules. For both motors, the microtubules moved forward
with their bright ends indicating that like theWT Ncd these motors
generated minus-end directed movement.
We measured the Kd(MT), ATPase and motility for NcdWT inter-
acting with subtilisin-treated MT (dMT) described in Supplemen-
tary material. The afﬁnity of Ncd to dMT (Kd = 0.61 lM) similarly
to MT (Kd = 0.36 lM) was in the submicromolar range. Surpris-
ingly, the value of kcat for dMT was 1.4 s1, about 55% lower that
for untreated MT (2.5 s1). On dMT NcdWT moved with a velocity
of 102 nm/s that is about 25% lower than on untreated MT.
Table 2
Characterization of C-terminal Ncd mutants.
Ncd670 Ncd679 Ncd700SG NcdM672N NcdWT
Afﬁnity to microtubules, Kd (lM)
No nucleotide 5.35 ± 2.32, n = 3 0.37 ± 0.12, n = 3 13.4 ± 3.8, n = 4 1.11 ± 0.44, n = 3 0.36 ± 0.22, n = 5
0.5 mM AMP-PNP 12.9 ± 9.6, n = 3 1.32 ± 0.08, n = 3 9.16 ± 3.17, n = 3 3.71 ± 1.96, n = 3 0.59 ± 0.14, n = 3
0.5 mM ADP 13.7 3.82 8.46 n.d.a 5.59 ± 2.40, n = 2
Microtubule-stimulated ATPase
kcat/head (s1) 0.83 ± 0.17, n = 4 3.58 ± 0.62, n = 3 0.62 ± 0.22, n = 3 2.49 ± 0.10, n = 3 2.58 ± 0.37, n = 7
K0.5(MT) (lM) 0.14 ± 0.15 0.26 ± 0.10 0.14 ± 0.09 0.61 ± 0.25 0.22 ± 0.06
Gliding velocity
v (nm/s) 13 ± 8, mtb = 45 48 ± 26, mt = 58 20 ± 11, mt = 49 152 ± 17, mt = 57 142 ± 19, mt = 100
Data are reported as mean ± standard deviation for n, the number of independent determinations.
a n.d, not determined.
b mt, number of microtubules analyzed.
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Although Drosophila Ncd is a minus-end directed kinesin which
has been studied frequently, only quite recently suggestions ap-
peared that the protein C-terminus may be involved in the force
generation pathway [4,8]. The data presented here show that the
C-terminal segment of Ncd has a dramatic inﬂuence on the dissoci-
ation constant for binding of the head to MT, the rate of enzymatic
reaction and the motility. While previous work with chimeric kine-
sin motors indicated that the C-terminal residues (670–700) are
needed to bindMT [5], thiswork provided the evidence that for such
interaction a basic stretch of aa (671–679) is indispensible. It is also
worthwhile to note that besides the afﬁnity, ATPase andmotility do
not simply decrease because of poor binding of the motor to the
ﬁlament. For example, despite an increased MT concentration, the
ATPase does not increase (Fig. 2C), although judging from Fig. 2B,
the saturation of themotor withmicrotubules does.While the basic
amino acidswithout the remaining part of the C-terminus (Ncd679)
were sufﬁcient to carry out the enzymatic reaction with the WT or
higher rate, the truncated protein could only generate about 1/3 of
the wild type velocity. This suggests that changes in the carboxy
terminus altered not onlyMT-binding of themotor but communica-
tion between its sites as well.
The simplest explanation of the binding data is that the C-ter-
minus of Ncd interacts with a yet unidentiﬁed site on the MT.
Consistent with this view is considerably lower Kd(MT) for Ncd
motor domain MD700 comparing to MD670. However, several
lines of experimental evidence and additional argumentation have
led us to the conclusion that this is not the case. First, mapping of
the Ncd–MT interface [13] demonstrated that the Ncd C-terminal
segment was not shielded from proteolytic cleavage by MT bind-
ing. Since a potential MT interaction site for the basic Ncd C-
terminal residues appeared to be the ‘‘E-hook’’, a cluster of acidic
residues located near the tubulin carboxy end, we examined the
interaction of NcdWT with subtilisin-treated MT. The effects of
the E-hook removal were in good agreement with a previous work
[14]. However, they were signiﬁcantly different from the changes
in the behavior the motors when Ncd670 or Ncd700SG interacted
with undigested MT, indicating the Ncd C-terminus does not
appear to bind to the tubulin E-hook. Furthermore, amino acid
sequences of the C-termini in kinesin-14 subfamily are not phylo-
genetically conserved but in vitro kinesin-14s can transport micro-
tubules from species that are unrelated to the motor. For example
insect or yeast motor can transport porcine or bovine microtu-
bules. Therefore, one would expect to ﬁnd on the surface of the
tubulin molecule a separate binding site for the C-terminal part
of each motor, a rather unlikely situation.
Our results support the view that the Ncd C-terminus interacts
with themotor domain controlling themobilemechanical elementsof the protein and its enzymatic cycle. According to the neck mimic
hypothesis [7] the carboxy terminus of Ncd destabilizes the interac-
tions on the interface between the core of themotor domain and the
neck by docking alongside the core and blocking access to residues
critical in the neck-core binding. Additionally, when placed near the
neck, the C-terminus introduces the repulsive interactions between
positively charged residues present in both segments (Fig. 1). As a
result, the neck detaches from the core and is free to rotate about
Gly347.
We expected that the presence of Met672 in a small hydropho-
bic cavity formed by the ends of helices a4 and a6 and nearby beta
structures would trigger a zipper-like action [7]. However, the
mutation M672N had only a minor effect on the ATPase and motil-
ity although led to an increase of the motor Kd(MT) in the presence
of AMPPNP (Table 2).
In the previously studied kinesin-14 Kar3, the relay helix a4
located near the beginning of the carboxy segment was assigned
a fundamental role in the mechanochemical cycle. There exist
two structures of Ncd mutants in which one of the head is de-
tached, the other attached (NcdN600K, PDB ID: 1N6M [15] and
NcdT436S, PDB ID: 3L1C [8]). For both mutants, the a4 helix
(Fig. 1) in the detached head is shorter by 4 or 6 residues, respec-
tively. This led us to the conclusion that controlling the length (or
position) of this helix provides a simple and efﬁcient mechanism of
docking and undocking of the neck in kinesin-14: when a4 re-
tracts, the C-terminus docks on the motor domain, and the lever
rotates generating force [2]. When a4 extends or moves – for steric
reason – it interferes with the binding of the neck mimic which
dissociates and is replaced by the ‘true’ neck enabling the lever
to return to its starting position.
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